Caenorhabditis elegans germline cells are maintained in an undifferentiated and mitotically dividing state by Notch signaling and the FBF (for fem-3 binding factor) RNAbinding protein. Here, we report that the LIP-1 phosphatase, a proposed homolog of mitogen-activated protein (MAP) kinase phosphatases, is required for the normal extent of germline proliferation, and that lip-1 controls germline proliferation by regulating MAP kinase activity. In wild-type germ lines, LIP-1 protein is present in the proximal third of the mitotic region, consistent with its effect on germline proliferation. We provide evidence that lip-1 expression in the germline mitotic region is controlled by a combination of GLP-1/Notch signaling and FBF repression. Unexpectedly, FBF controls the accumulation of lip-1 mRNA, and therefore is likely to control its stability or 3 0 -end formation. In a sensitized mutant background, LIP-1 can function as a pivotal regulator of the decision between proliferation and differentiation. The control of germline proliferation by LIP-1 has intriguing parallels with the control of stem cells and progenitor cells in vertebrates.
Introduction
During animal development, the precise regulation of proliferation and differentiation is critical for generation of spatially patterned and correctly sized tissues and organs. The control of stem cells is central to this process. Although it is well established that stem cells are controlled by signaling from a niche (Li and Xie, 2005) , the regulators that act downstream of that signaling to control self-renewal or differentiation are poorly defined.
The Caenorhabditis elegans germ line provides a simple and well-defined system for analysis of stem cell controls (Crittenden et al, 2003) . Figure 1A illustrates the organization of the adult germ line. Briefly, germ cells in the mitotic cell cycle are restricted to a 'mitotic region' located at the distal end of the germline tissue. That mitotic region includes germline stem cells. As germ cells move proximally, they leave the mitotic cell cycle and enter the meiotic cell cycle. Early stages of meiotic prophase predominate in the transition zone, and later stages of meiosis and gametogenesis proceed in a spatially ordered fashion as germ cells move proximally.
A single-celled somatic niche, called the distal tip cell (DTC), promotes germline proliferation during larval development and maintains germline stem cells in the adult (Kimble and White, 1981) (Figure 1A ). This DTC employs the Notch signaling pathway to promote mitotic divisions in the distal germ line (Kimble and Simpson, 1997) . Specifically, the GLP-1/Notch receptor receives the DTC signal and activates transcription by the LAG-1/CSL DNA-binding protein and the LAG-3 transcriptional coactivator (Crittenden et al, 2003) . GLP-1/Notch signaling is restricted to the distal mitotic region in adults and maintains germline stem cells there (Crittenden et al, 1994) . Recent evidence suggests that Notch signaling also acts in vertebrates to control stem and progenitor cells (Calvi et al, 2003; Fre et al, 2005) . Therefore, the analysis of Notch target genes that control proliferation in the C. elegans germ line may provide insight into stem cell controls more broadly.
Within the germ line, the FBF (for fem-3 binding factor) RNA-binding protein is required for maintenance of germline stem cells (Crittenden et al, 2002) . FBF is a collective term for two nearly identical RNA-binding proteins, FBF-1 and FBF-2, which belong to the PUF (for Pumilio and FBF) family of RNA regulators. PUF proteins bind specifically to regulatory elements in the 3 0 untranslated region (3 0 UTR) of target mRNAs and repress their expression . Furthermore, PUF proteins have been implicated broadly in stem cell controls during animal development . FBF promotes mitosis by repressing a battery of mRNAs that encode regulators that drive germ cells into the meiotic cell cycle (Zhang et al, 1997; Crittenden et al, 2002; Eckmann et al, 2004; Thompson et al, 2005) . The fbf-2 gene is a direct target of GLP-1/Notch signaling (Lamont et al, 2004) . Therefore, Notch signaling promotes mitosis and the undifferentiated state, at least in part, by increasing fbf-2 expression.
The lip-1 (for lateral signaling-induced phosphatase) gene was initially identified as a direct target of LIN-12/Notch signaling in somatic tissues (Berset et al, 2001) . The LIP-1 protein is homologous to phosphatases of the mitogen-activated protein kinase phosphatase (MKP) family, which are dual-specificity phosphatases that directly inhibit the activity of Ras/mitogen-activated protein kinase (MAPK) (Camps et al, 1998; Berset et al, 2001) . Although LIP-1 has not yet been tested in vitro for direct MAPK inhibition, it acts upstream of MAPK as a negative regulator (Berset et al, 2001; Hajnal and Berset, 2002) . In C. elegans, the primary MAPK is called MPK-1 (Lackner and Kim, 1998) . During vulval development, LIN-12/Notch signaling activates lip-1 and thereby inactivates MPK-1 to induce secondary vulval fates (Berset et al, 2001) . Given this vulval circuitry and the importance of Notch signaling for germline development, one might suspect that lip-1 would also regulate germline proliferation. However, lip-1 null mutants have no dramatic defect in germline proliferation, but instead display defects in progression through meiosis (Hajnal and Berset, 2002) . The role of LIP-1 in meiotic progression is consistent with its role as an inhibitor of MAPK activity, because MPK-1 is required for progression from pachytene to diplotene and also controls oocyte maturation (Church et al, 1995; Lackner and Kim, 1998; Miller et al, 2001; Page et al, 2001) .
In this paper, we demonstrate that LIP-1 controls the extent of germline proliferation rather than proliferation per se: lip-1 null mutants have fewer germ cells than wild type, but do have proliferating germ cells. Furthermore, LIP-1 protein is present in the mitotic region. Several lines of evidence support the idea that lip-1 is activated by GLP-1/Notch signaling, but repressed in the distal-most germ line by FBF. We suggest that LIP-1 promotes mitosis in the proximal part of the germline mitotic region and thereby extends mitotic divisions and delays the transition from the mitotic cell cycle into the meiotic cell cycle.
Results

lip-1 is required for the normal extent of germline proliferation
To ask if lip-1 null mutants affect germline proliferation, we first compared the number of germ cells present in the adult mitotic region of wild-type and lip-1(0) germ lines. The mitotic region extends from the distal tip of the germ line tissue to the distal border of the transition zone ( Figure 1A) ; in 4 0 , 6-diamidino-2-phenylindole (DAPI)-stained germ lines, transition zone nuclei are easily distinguished by their crescent-shaped chromatin ( Figure 1B) . The wild-type mitotic region possesses B225 cells (Figures 1B and F) (Eckmann et al, 2004; Hansen et al, 2004) , but in lip-1(0) mutants, the mitotic region contained only B165 cells ( Figures 1C and F) . Therefore, lip-1 is required to maintain the normal number of germ cells within the mitotic region.
We also compared the total number of germ cells in staged wild-type animals and lip-1 null mutants during development. In larvae, germ cell numbers were similar in the two strains, but during adulthood, lip-1(0) mutants had fewer total germ cells than wild type ( Figure 1G ). Therefore, LIP-1 does not control germline proliferation per se, but instead it is required for the robust proliferation typical of the adult germ line.
Genotype
Total GC# in MR Stage As germ cells move proximally, they enter the 'transition zone' (TZ), where most germ cells have entered early meiotic prophase (leptotene or zygotene); more proximally, they arrest in pachytene until stimulated by MAPK to exit pachytene and progress through meiosis. It should be noted that virtually all germ 'cells' are part of a syncytium, including those in the mitotic region; however, mitotic cell cycles are not synchronized, suggesting 'cell' autonomy. (B-E) Dissected adult germ lines of same stage (24 h past mid-L4) stained with DAPI to delineate stages of meiosis. Genotypes or treatment, as labeled. (F) Total number of germ cells in the mitotic region (GC# in MR). n, number of mitotic regions counted. (G) Total number of germ cells at specific stages of development in wild-type and lip-1(0) animals. L3, third larval stage; L4, fourth larval stage; e, early; l, late; yA, adult 12 h past L4; A, adult 24 h past L4; oA, adult 48 h or more past L4. Error bars were calculated from data of three independent experiments.
LIP-1 and MPK-1 have opposite effects on germline proliferation
To ask if the lip-1 defect in mitotic region size might depend on MAPK activity, we used RNA interference (RNAi) to achieve a partial loss of mpk-1 function. These mpk-1(RNAi) germ lines contained both mitotic and pachytene regions in the correct spatial order, but they had no transition zone ( Figure 1D ). Most relevant to this work, the mpk-1 mitotic region consistently possessed more germ cells than normal ( Figure 1F ). The simplest explanation is that MAPK functions in wild-type germ lines to reduce the number of cells in the mitotic region and establish a transition zone. Consistent with this idea, the germline mitotic region of let-60 ras gain-of-function mutants is smaller than normal ( Figure 1F ).
To ask if lip-1 might affect germline proliferation by inhibiting MAPK activity, we used RNAi to deplete mpk-1 in lip-1 null mutants and examined their germ lines. The mitotic region in lip-1(0); mpk-1(RNAi) germ lines was restored to the wild-type cell number and a typical transition zone was reinstated (Figures 1E and F) . This reciprocal suppression is best explained by mpk-1 RNAi reducing rather than eliminating mpk-1 expression, a phenomenon typical of RNAi experiments. By this reasoning, the double mutant co-suppression is expected: elimination of LIP-1 activity (the effect of the lip-1 null mutant) permits residual mpk-1 mRNA to make some active enzyme, while reduction in mpk-1 expression (the effect of mpk-1(RNAi)) ameliorates damage caused by removing the LIP-1 inhibitor. Consistent with this idea, activated MAPK is not present in the wild-type distal germ line, but appears to extend abnormally into the distal germ line of lip-1 null mutants (Hajnal and Berset, 2002 ; Figure 6B ). We conclude that LIP-1 normally promotes germline proliferation by inhibiting MPK-1.
Chromatin immunoprecipitation of lip-1 promoter with LAG-3 antibodies is germline dependent
A previous study showed that the lip-1 gene is a direct target of LIN-12/Notch signaling during vulval development (Berset et al, 2001) . To investigate whether lip-1 is also activated by GLP-1/Notch signaling in the germ line, we carried out chromatin immunoprecipitation (ChIP) assays ( Figure 2 ). Notch signaling is mediated by a ternary complex containing the LAG-3 transcriptional coactivator (Petcherski and Kimble, 2000) . To detect activated Notch signaling-specific transcriptional complexes, we raised a rat polyclonal antibody to a LAG-3-specific peptide. The specificity of the a-LAG-3 antibody was confirmed using lag-3(RNAi) (see Materials and methods). We immunoprecipitated LAG-3 from wild-type animals or from glp-1 mutants that had no germ line, and then performed PCR to assay the presence of specific DNA sequences in the precipitate. We tested the lip-1 promoter region and as controls tested the lip-1 coding region or the promoter of a different gene ( Figure 2A ). The lip-1 promoter region co-immunoprecipitated with LAG-3 antibodies from wild-type adults, but did not immunoprecipitate from glp-1 adults that had no germ line ( Figure 2B ). The lack of a signal in glp-1 adults was expected, because all known Notch signaling between somatic cells occurs during embryogenesis and larval development-not during adulthood. The lip-1 promoter failed to immunoprecipitate with preimmune serum, and control regions failed to immunoprecipitate with LAG-3 antibodies ( Figure 2B ). We conclude that LAG-3 selectively associates with the lip-1 promoter, and that its association is dependent on the presence of the germ line. The simplest explanation is that lip-1 is a direct target of GLP-1/Notch signaling in the adult C. elegans germ line.
LIP-1 protein in the mitotic region
We next asked if lip-1 is expressed in mitotic germ cells. To this end, we generated a rat polyclonal antibody that specifically recognizes C. elegans LIP-1, and stained dissected adult germ lines with both the LIP-1 antibody and DAPI. As previously described (Hajnal and Berset, 2002) , LIP-1 staining was concentrated in membrane-associated bright puncta, which were easily detectable throughout the pachytene region ( Figure 3A ). We found similar LIP-1 puncta extending into the transition zone and the proximal-most germ cells of the mitotic region ( Figure 3A) . A closer examination revealed LIP-1 puncta extending distally into the proximal one-third of the mitotic region ( Figure 3B ), but these bright foci were absent from lip-1 null mutants ( Figure 3C ). We conclude that LIP-1 protein is present at a low level in the proximal mitotic region, but that it does not extend to the distal end. The mitotic region is defined by the presence of mitotically dividing germ cells (Crittenden et al, 1994; Hansen et al, 2004; Lamont et al, 2004) . Therefore, the presence lip-1(last intron and exon)
Germline-dependent association of lip-1 promoter with LAG-3, a transcriptional coactivator specific to Notch signaling. (A) Genome regions assayed for ChIP. Straight line, intergenic DNA; box, exon; V-shaped line, intron; ATG, initiation codon; TAA, termination codon; LBS, LAG-1-binding site; arrow sets below, positions of primers used to assay specific region. (B) Representative example of PCR analysis of DNA from ChIPs performed with affinity-purified LAG-3 antibodies. All animals were grown at 251C, the restrictive temperature for glp-1(q224ts). The lip-1 5 0 flanking region is specifically immunoprecipitated in LAG-3 ChIP from wild-type animals, which possess about 2000 germ cells (left column). The lip-1 5 0 flanking region is not immunoprecipitated from glp-1 adults, which possess essentially no germ cells (middle column). Input was the same from wild-type and glp-1 extracts (right column). Similar results were obtained in three additional independent experiments. of LIP-1 in the proximal mitotic region is consistent with its role in controlling the extent of germline proliferation.
FBF represses lip-1 expression
The lack of LIP-1 protein from the distal mitotic region seemed paradoxical. The somatic DTC promotes mitotic divisions by GLP-1/Notch signaling ( Figure 1A) , and one GLP-1/Notch target gene, fbf-2, is expressed in the distalmost germ line as expected (Lamont et al, 2004) . As lip-1 also appears to be a direct target of GLP-1/Notch signaling (see above), we expected that lip-1 would also be expressed distally. One possible explanation is that lip-1 is repressed post-transcriptionally in the distal germ line. FBF-1 and FBF-2 are both localized to the mitotic region (Crittenden et al, 2002; Lamont et al, 2004) , and therefore are in the right location to repress lip-1 expression.
To ask if FBF might repress lip-1 expression in mitotic germ cells, we decided to compare the abundance of LIP-1 protein in germ lines with and without FBF. An fbf-1 fbf-2 double mutant germ line does not have mitotic germ cells, but instead makes only sperm (Crittenden et al, 2002) , and therefore is not useful for this experiment. To circumvent this problem and to analyze germ lines of similar cellular fate, we used tumorous germ lines. Specifically, we employed gld-3 nos-3 and fbf-1 fbf-2 gld-3 nos-3, two strains with germ lines that are composed largely of mitotic germ cells (Eckmann et al, 2004) . For simplicity, we refer to gld-3 nos-3 as Tumorous plus FBF (Tum( þ FBF)) and fbf-1 fbf-2 gld-3 nos-3 as Tumorous minus FBF (Tum(ÀFBF)). In Tum( þ FBF) germ lines, LIP-1 was not detected above background (compare Figures 3C and D) . However, much more LIP-1 was present in Tum(ÀFBF) than Tum( þ FBF) germ lines (compare Figures 3E and F) . A similar difference was seen in other germline tumorous strains (gld-1 versus fbf-1 fbf-2; gld-1 as well as gld-1 gld-2 versus fbf-1 fbf-2; gld-1 gld-2 tumorous germ lines (data not shown)). Therefore, FBF is critical for maintaining the low level of LIP-1 protein typical of the distal germ line.
FBF controls lip-1 mRNA accumulation
To ask whether FBF affects lip-1 mRNA accumulation or translation, we assayed lip-1 mRNA by in situ hybridization. Little or no lip-1 mRNA was present in the mitotic region of wild-type germ lines ( Figure 3G ). Instead, lip-1 mRNA began to increase in the transition zone and became abundant in the pachytene and oogenic regions, except in the last oocyte ( Figure 3G ). The graded distribution of lip-1 mRNA in the distal arm of the gonad is similar to that of LIP-1 protein, but the in situ probes appeared less sensitive than LIP-1 antibodies. The uniform and strong distribution of lip-1 mRNA in the oogenic region (all except the last oocyte) is dramatically different from the apparent absence of LIP-1 protein in that same region, suggesting the existence of either translational repression or protein instability.
We next tested whether FBF influences the abundance of lip-1 mRNA. We again used germline tumors with or without FBF for reasons outlined above. lip-1 mRNA was present at a low level in Tum( þ FBF) germ lines ( Figure 3H ), but it was abundant in Tum(ÀFBF) germ lines ( Figure 3I ). To confirm this effect, we used semiquantitative RT-PCR to compare lip-1 mRNA levels in total RNA extracted from Tum( þ FBF) or Tum(ÀFBF) animals. Specifically, we compared the relative amounts of PCR products generated from lip-1 mRNA and unc-54 mRNA, which encodes the major body wall myosin (MacLeod et al, 1977) . Consistent with the in situ results, Tum( þ FBF) possessed less lip-1 mRNA than Tum(ÀFBF) ( Figure 3J ). Therefore, both by in situ hybridization and by semiquantitative PCR, the presence of FBF correlates with a lowered accumulation of lip-1 mRNA. Finally, we examined lip-1 mRNA in fbf-1 and fbf-2 single mutants. For both single mutants, lip-1 mRNA was detected in the pachytene region, as expected. More importantly, lip-1 mRNA was also detected at the distal end in about 10% of dissected germ lines ( Figure 3K ; data not shown). This distally localized lip-1 mRNA is strong support for the idea that GLP-1/Notch signaling activates lip-1 transcription in the distal germ line. Furthermore, the fact that this distal lip-1 mRNA was only detected in germ lines compromised for FBF (i.e. fbf-1 or fbf-2 single mutants) supports the idea that FBF represses lip-1 expression. We suggest that lip-1 mRNA is normally generated in the distal germ line in response to GLP-1/Notch signaling, but that FBF prevents its accumulation in that same region.
FBF binding elements in variant lip-1 3 0 UTRs
FBF binds 3 0 UTR regulatory elements to repress RNA expression . To delineate the lip-1 3 0 UTR, we used 'circular PCR' (Figure 4A ). Briefly, we decapped and ligated total mRNA, and then performed PCR using primers designed to span the 3 0 UTR and poly(A) tail. To our surprise, we identified multiple products among RNAs extracted from wild-type, gld-3 nos-3 (Tum( þ FBF)), and fbf-1 fbf-2 gld-3 nos-3 (Tum(ÀFBF)) animals ( Figure 4B ). We sequenced 20 representatives from each major PCR product, and found a range of lip-1 3 0 UTR lengths ( Figure 4C and data not shown). The major lip-1 3 0 UTR in wild-type germ lines, dubbed lip-1M, was intermediate in length between the primary lip-1 3 0 UTRs in tumorous germ lines, which we dub lip-1L and lip-1S for the longer and shorter 3 0 UTRs, respectively ( Figure 4C ). We next designed primers to specifically detect the lip-1S and lip-1L 3 0 UTRs ( Figure 4C ). Wild-type and Tum( þ FBF) animals possessed the lip-1S 3 0 UTR, but did not have lip-1L ( Figure 4D ). By contrast, Tum(ÀFBF) animals possessed both lip-1S and lip-1L mRNAs ( Figure 4D ). We then scanned the lip-1 3 0 UTR sequences for potential FBF binding elements (FBEs) that conform to the consensus UGURHHAUW and references therein). Two potential FBEs were identified: lip-1-FBEa and lip-1-FBEb ( Figure 4C ). FBEa occurred in all lip-1 3 0 UTRs, but FBEb was present only in the lip-1L variant that was specific to Tum(ÀFBF) RNAs. Therefore, lip-1L RNA does not accumulate in the presence of wild-type FBF. This lack of accumulation may be due to effects on mRNA stability or 3 0 -end formation.
To assess FBF binding to the potential lip-1-FBEs, we used both yeast three-hybrid assays and gel retardation assays ( Figure 5 ). Yeast three-hybrid interactions were monitored by a growth assay ( Figure 5B ) and by production of b-galactosidase from a reporter ( Figure 5C ). Both FBEs interacted specifically with FBF-1 and FBF-2 in three-hybrid . 'M' is the major form in wild-type germ lines, which are largely meiotic and contain few mitotic cells; by contrast, 'S1' and 'S2' are the major species in Tum( þ FBF) and 'L' was found only in Tum(ÀFBF) mutants. (D) Products of semiquantitative RT-PCR from total RNA prepared from animals of genotype noted above lane. Primers were specific to lip-1S, lip-1L, or unc-54 mRNAs (see Materials and methods and arrows in panel C). Note that the PCR conditions used in panels B and D were different, and therefore that products are not comparable. assays (Figures 5B and C) and bound specifically to purified FBF-2 in gel shifts ( Figure 5D ). Wild-type lip-1-FBEa and lip-1-FBEb bound FBF, but not PUF-8 ( Figures 5B and C) or PUF-5 (data not shown); by contrast, mutant FBEs (FBE*) with an altered consensus ( Figure 5B ; UGU changed to ACA) did not interact with either FBF-1 or FBF-2 ( Figures 5B-D) . The apparent K d for FBEa is lower in the three-hybrid system than in vitro, perhaps owing to aberrant folding of the synthetic RNA (not shown). We conclude that lip-1 3 0 UTRs possess FBEs, and suggest that the FBF repression of lip-1 expression is direct.
LIP-1 can function as a pivotal regulator of germline proliferation
The lip-1 effect on proliferation is modest in the wild-type germ line (Figure 1) . To confirm the ability of LIP-1 to promote mitotic divisions, we sought a sensitized mutant background to see a more prominent effect. For reasons outlined above, we compared Tum(ÀFBF) germ lines with and without LIP-1. Remarkably, removal of lip-1 transformed these germ lines from a tumorous to a Mog phenotype (Mog, for masculinization of the germ line). Thus, whereas fbf-1 fbf-2 gld-3 nos-3 quadruple mutants had tumorous germ lines, fbf-1 fbf-2 gld-3 nos-3; lip-1(0) quintuple mutants had a Mog germline. Therefore, the uncontrolled mitosis in Tum(ÀFBF) germ lines requires wild-type LIP-1.
We next assayed the Tum and Mog germ lines for molecular markers of activated MAPK ( Figures 6A and B) , mitotic divisions ( Figures 6C and D) , and spermatogenesis ( Figures  6E and F) . To detect activated MAPK, we used a monoclonal antibody that specifically recognizes the dual phosphorylation (YT) of the active enzyme (Yung et al, 1997) . Activated MAPK was generally low in Tum(ÀFBF, þ LIP-1) germ lines ( Figure 6A ), but high in Mog(ÀFBF, ÀLIP-1) germ lines ( Figure 6B ). Therefore, LIP-1 is required to maintain a low level of activated MAPK, consistent with previous studies in more normal germ lines (Hajnal and Berset, 2002) . To visualize mitotically dividing germ cells, we used a monoclonal antibody that recognizes phosphohistone H3, an epitope present in the condensed chromatin of dividing cells. In Tum(ÀFBF) germ lines, the number of mitotic divisions was high ( Figure 6C ), as reported previously (Eckmann et al, 2004) , but in Mog(ÀFBF, ÀLIP-1) germ lines, the number of mitotic divisions was sharply reduced ( Figure 6D ). Therefore, in this sensitized background, LIP-1 has a profound effect on germline proliferation. Finally, we visualized sperm with the sperm-specific polyclonal antibody, SP56 (Ward et al, 1986) . In Tum(ÀFBF) germ lines, virtually no sperm were made ( Figure 6E ), as reported previously (Eckmann et al, 2004) , but in Mog(ÀFBF, ÀLIP-1) germ lines, the proximal half of the germ line began to actively differentiate and produce sperm ( Figure 6F ). Together, these experiments indicate that LIP-1 promotes mitosis and prevents spermatogenesis. However, not all germ cells were able to differentiate in Tum(ÀFBF, ÀLIP-1) mutants, despite the uniform distribution of activated MAPK, suggesting the existence of additional controls that suppress differentiation distally. We conclude that LIP-1 can function as a pivotal regulator of the decision between proliferation and differentiation.
Discussion
This paper focuses on the regulation and function of the LIP-1 phosphatase in the distal C. elegans germ line. Our results support three major conclusions. First, LIP-1 is essential for the robust proliferation typical of wild-type adult germ lines. Second, lip-1 expression is controlled in the germ line by both Notch signaling and FBF repression. Third, LIP-1 controls germline proliferation, at least in part, by inhibiting MAPK activity. This regulatory circuitry controlling C. elegans germline proliferation has important parallels with the control of stem cells and progenitor cells in vertebrates. Figure 7 proposes a simplified model for how lip-1 expression is regulated in the distal C. elegans germ line. Previous work showed that the somatic DTC niche promotes germline proliferation by GLP-1/Notch signaling (Kimble and Simpson, 1997) , and that GLP-1/Notch signaling activates fbf-2 expression (Lamont et al, 2004) . The finding that lip-1 is a direct target of LIN-12/Notch signaling in somatic tissues (Berset et al, 2001) was the initial impetus that led us to explore its role in the distal germ line. Here, we show that lip-1 is also a target of GLP-1/Notch signaling. Technical difficulties precluded analysis in the germ line of transgenes lacking LAG-1-binding sites. However, the lip-1 promoter associates with Notch-activated transcription complexes in a germline-dependent manner (Figure 2) , and lip-1 RNA is present in the distal-most germ cells that are signaled by the DTC (Figure 3K) . Therefore, the lip-1 gene appears to be a direct target of GLP-1/Notch signaling.
The absence of lip-1 mRNA from the distal germ line of wild-type animals was initially puzzling. That paradox was resolved by finding that the FBF RNA-binding protein represses lip-1 expression post-transcriptionally. Thus, lip-1 3 0 UTRs possess specific FBEs, and lip-1 expression increases dramatically upon removal of FBF. It is striking that FBF regulates the accumulation of lip-1 mRNA. This finding was unexpected, because metazoan PUF proteins had been thought to act by regulating translation . However, yeast PUF proteins control mRNA stability by promoting deadenylation and mRNA decay (Olivas and Parker, 2000) . Perhaps metazoan PUFs can repress mRNAs by a similar mechanism. In the case of lip-1, a lip-1L variant mRNA was not detected in wild-type animals, but was seen in animals lacking FBF. Importantly, the lip-1L 3 0 UTR carried an extension harboring an FBE with high affinity for FBF. In principle, FBF could control the accumulation of lip-1L mRNA at the level of RNA degradation or regulated 3 0 -end formation. Important challenges for the future are to elucidate the molecular mechanism by which FBF controls this variant lip-1 mRNA and to learn whether that mechanism is FBF specific or mRNA specific.
LIP-1 appears to promote mitotic divisions in the proximal mitotic region of the wild-type germ line by decreasing MAPK activity. This idea is based on several lines of evidence. First, LIP-1 protein is present in the proximal mitotic region. Second, the mitotic region contains fewer germ cells than normal in lip-1 null mutants. Third, activated MAPK appears to extend abnormally into the proximal mitotic region of lip-1 null mutants (Hajnal and Berset, 2002) . And finally, depletion of mpk-1 by RNAi suppresses the loss of germ cells from the mitotic region in lip-1 null mutants. Other models in which Model for regulation of lip-1 expression by both Notch signaling and FBF. The lip-1 gene is activated by GLP-1/Notch signaling, but accumulation of the lip-1 mRNA is repressed by FBF in the distalmost germ cells. As germ cells progress away from the DTC niche, lip-1 mRNA begins to generate LIP-1 protein, which ensures the downregulation of MAPK in the proximal mitotic region. We suggest that LIP-1 activity in the proximal mitotic region enhances the mitotic capacity of germ cells and delays entry into meiosis. See text for further explanation.
LIP-1 and MAPK activities act more proximally, but feed back onto the mitotic region, are plausible, but unnecessarily complex. We favor the straightforward explanation that LIP-1 functions in the proximal mitotic region to extend mitotic proliferation and delay the transition into the meiotic cell cycle. A possible role for MAPK activity in control of early meiotic prophase is thought provoking. By RNAi, we found that a reduction in MAPK activity leads to an increased number of germ cells in the mitotic region and abolishes the transition zone. One speculative idea is that the spatially patterned progression from mitosis through the transition zone and into later stages of meiosis is controlled, at least in part, by a gradient of MAPK activity. However, activated MAPK has not been detected in wild-type germ lines in this distal region (Miller et al, 2001; Page et al, 2001; Hajnal and Berset, 2002) , so if it does work there, it must function at a low level. Additional experiments will be required to assess the importance of MAPK activity to distal events of germline development.
The LIP-1 control of robust germline proliferation in C. elegans may provide insight into how the extent of proliferation is regulated in vertebrates. The control of proliferation extent is a significant problem. As animals age, regeneration potential decreases, but the underlying mechanisms remain unknown. A simple model is that stem or progenitor cells become less capable of robust proliferation, which appears to be the case in at least some tissues (Morrison et al, 1996; Iakova et al, 2003) . The LIP-1 phosphatase is proposed to be the C. elegans homolog of MKPs (Berset et al, 2001) . Indeed, mammalian MKPs have been implicated in stem cell self-renewal (Burdon et al, 2002) and are often upregulated in tumor cell lines (Vogt et al, 2005) . By analogy with our finding that LIP-1 functions during normal development to increase the pool of mitotically dividing cells, we speculate that MKPs may function in vertebrate development to promote the robust proliferation of progenitor cells.
Materials and methods
ChIP assay
ChIP assay was performed by a slightly modified version of the procedures described previously (Shang et al, 2000; Chu et al, 2002) . Briefly, wild-type and glp-1(q224ts) adults were fixed in M9 buffer with 2% formaldehyde at room temperature for 30 min. Excess formaldehyde was quenched and washed with a 125 mM glycine solution. Worms were washed sequentially with ice-cold PBS and ChIP buffer (5 mM Pipes, pH 8.0, 85 mM KCl, 0.5% NP-40). Worms were resuspended in lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1, 1 Â protease inhibitor cocktail (Roche Molecular Biochemicals)), frozen in liquid nitrogen, and then homogenized with a cooled mortar and pestle. The frozen extracts were thawed on ice and sonicated three times for 10 s at the maximum setting (Fisher Scientific, Sonic Dismembrator Model 100), followed by centrifugation for 10 min. For each reaction, 3 mg of total protein was diluted in buffer (16.7 mM Tris-HCl, pH 8.1, 150 mM NaCl, 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA) followed by immunoclearing with 2 mg sheared salmon sperm DNA and 50 ml protein G-agarose (Sigma) for 2 h at 41C. Polyclonal antibodies were generated against the N-terminal fragment of LAG-3 (amino acids 6-80) fused to HIS. The specificity of the LAG-3 antibody was confirmed by Western blots with recombinant LAG-3 protein and by immunostaining of lag-3(RNAi) animals. ChIP was performed overnight at 41C with 5 mg of affinity-purified LAG-3 antibodies or preimmune rat sera. After this, 50 ml protein G-agarose and 2 mg of salmon sperm DNA were added and the incubation continued for another 1 h. Precipitates were washed sequentially for 10 min each in washing buffer 1 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM NaCl), buffer 2 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 500 mM NaCl), and buffer 3 (0.25 M LiCl, 1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCl, pH 8.1), and then formaldehyde crosslinks were reversed by incubation at 651C overnight in 1% SDS and 0.1 M NaHCO 3 . Proteins were removed by proteinase K digestion and DNA fragments were purified using the Qiagen PCR purification kits. We carried out PCR for 35 cycles using primers specific to lip-1 and gld-1, which were designed to produce similar size of PCR products, and resolved amplified products on 1.0% agarose gels.
In situ mRNA hybridization and immunohistochemistry
In situ hybridization was performed as described (Jones et al, 1996) , using an antisense digoxigenin-labeled cDNA (nucleotides 42-559 in the lip-1 cDNA sequence). Rat polyclonal antibodies specific to LIP-1 were made by standard methods, using LIP-1 amino acids 5-175. For immunohistochemistry, gonads were extruded, fixed with 3% formaldehyde and 0.1 M K 2 HPO 4 (pH 7.2) for 1 h, and postfixed with cold (À201C) 100% methanol for 5 min. Antibody incubations and washes were performed as described (Jones et al, 1996) . Di-phosphorylated MAPK, dividing nuclei, and sperm were detected with the monoclonal antibody MAPK-YT (Sigma), phosphohistone H3 (PH3 þ , Upstate Biotechnology), and SP56 (a gift from S Ward), respectively. DAPI staining followed standard methods.
Three-hybrid and gel retardation assays
Three-hybrid assays were performed as described . Levels of 3-aminotriazole (3-AT) resistance were determined by assaying multiple transformants at 12 different concentrations of 3-AT, up to 11 mM. For b-galactosidase assays, cells were grown in selective media to an OD 600 of 1.0 and mixed with an equal volume of b-Glo (Promega) reagent. Luminescence was measured after 1 h. Gel shift assays were performed as described .
RT-PCR
Circular RT-PCR was performed according to the procedure of Couttet et al (1997) with modifications (N Suh, unpublished) . For semiquantitative RT-PCR, 20 adult worms were transferred into 50 ml RNase-free ddH 2 O and 200 ml of GibcoBRL Trizol was added. Samples were placed at À801C for 15 min, at 651C for 90 s, and at room temperature for 15 min. Total RNA was extracted by CHCl 3 , precipitated with isopropanol and 70% ethanol solution, and then resuspended in RNase-free ddH 2 O. After reverse transcription, we carried out PCR for 35 cycles using primers specific to lip-1 and unc-54 and analyzed PCR products at six time points during the reaction. After examination of PCR products, cycle 30 was found to be within the linear range. We resolved amplified products on 1.0% agarose gels and scored band intensity using 1D image analysis software (Kodak).
